ABSTRACT: Abundance patterns of the hermit crab Pagurus maclaughlinae and its gastropod shell resources were compared to one another across the shallow subtidal landscape within Tampa Bay, Florida at a landscape (4.88 ha) and a sub-landscape (1 m 2 ) scale. Specifically, we investigated whether the spatial abundance patterns of P. maclaughlinae over time could be explained by the abundance patterns of either future resources (i.e. live gastropods) or present resources (i.e. empty gastropod shells). The seagrass landscape was sampled for seagrass, hermit crabs, live gastropods and empty gastropod shells during the spring and fall of 1994 and 1995. The distribution of P. maclaughlinae could be explained by the distribution of its gastropod shell resources when the spatial organization of both P. maclaughlinae and these resources were compared across the landscape. Physical measures of the dominant seagrass Halodule wrightii (i.e. canopy height and shoot density) appeared to be unrelated to the distribution of P. maclaughlinae and either of its shell resources (present or future) across the landscape. These results suggest that hermit crabs track their 'limited' resources (i.e. gastropod shells) when viewed over the spatial scales examined here. Furthermore, our results suggest that the spatial distribution of future, as well as present resources, adds insight into patterns of hermit crab abundance.
INTRODUCTION
Within marine environments, landscape heterogeneity may play a role in shaping the interactions between 2 species by affecting their abundance and/or distribution patterns (Danielson 1991) . Quantifying the spatial nature of these distributional relationships and recognizing the patterns they generate are fundamental to understanding an organism's ecology. However, direct and indirect interactions between an organism, its resources and the environment may cause difficulty in elucidating mechanisms underlying spatial relationships. For example, associations between abundances of epifauna and the presence/absence of seagrass documented in the marine literature (e.g. Heck & Wetstone 1977 , Orth et al. 1984 , Bell & Pollard 1989 may be explained by the spatial abundance of faunal prey, which can also associate with seagrass, rather than by a direct association between seagrass and epifauna (Connolly 1994) . Thus, quantifying the spatial distribution of an organism and its resources within a landscape may provide information on what controls distribution patterns that might not be obvious from information collected without reference to spatial position.
Delineation of the spatial relationships of a target organism and its resource(s) requires a detailed, often unavailable, knowledge of resource utilization patterns. An examination of the spatial patterns formed by a hermit crab and its shell resources provides an excellent model by which to test ideas about habitat heterogeneity, faunal abundance, resource availability and their respective linkages to vegetation. This follows from the well-discussed paradigm that empty gastropod shells are a limiting resource for (at least) the larger size classes of hermit crabs (e.g. Provenzano 1960 , Hazlett 1970 , 1981 , Kellogg 1976 , Spight 1977 , Scully 1979 , Abrams 1980 , Lancaster 1990 . If gastropod shells are indeed limiting, then one might predict that the distribution of hermit crabs should be tightly linked to the distribution of empty gastropod shells. Moreover, these distribution patterns may have a strong spatial component that is related to landscape characteristics (e.g. vegetation characteristics or habitat heterogeneity) because of the habitat affinity displayed by both the hermit crab and the gastropod species that are providing shells (Robbins 1998) .
A caveat to the paradigm of the hermit crab shell association exists, however, with regard to the definition of gastropod shell 'availability.' Typically, available gastropod shells have been defined as 'empty,' but gastropod shells occupied by hermit crabs (Walters & Griffiths 1987 , Robbins 1998 ) and live gastropods (McLean 1983) may also be 'available.' The distinction then is the asynchronous accessibility of these resources; some portion of the resource is immediately available (empty shells), while other portions are likely to become available at a future time (living gastropods and shells occupied by other hermit crabs). Thus, all gastropod shells are potential resources for hermit crabs until they are either physically removed from the system or rendered unusable by damage (e.g. through predation).
If a relationship exists between the spatial abundance patterns of hermit crabs and empty gastropod shells, then one might hypothesize that hermit crabs track their future resource (i.e. live gastropods) as well as their immediate resource (i.e. empty gastropod shells), especially if the availability of empty shells is transitory. Thus, one might predict that hermit crab distribution patterns reflect the distribution patterns of both their immediate and future resources. Additionally, the abundance patterns displayed by an organism or its resources may also reflect habitat features such as seagrass density (sensu Irlandi et al. 1994) . Both hermit crabs and live gastropods may actively choose to associate with vegetation features, whereas any association between dead shells and seagrass is dependent on either the shell's previous occupant's behavior and/or the passive movement of shells after their abandonment by an occupant. Therefore, a discussion of the association between a hermit crab and its gastropod shell resources without consideration of underlying habitat characteristics may be incomplete.
Our primary objective in this study was to evaluate the spatial relationships between a resource user and the availability of its limiting resource in a marine landscape. We investigated the relationship between Pagurus maclaughlinae and its gastropod shell resources with respect to physical measures of seagrass (shoot density and canopy height) within the landscape. More specifically, we asked (1) are the distribution patterns of P. maclaughlinae and its present and future resources explained by seagrass physical characteristics and (2) is there a temporally consistent spatial relationship between P. maclaughlinae and its present and future gastropod shell resources?
MATERIALS AND METHODS
Study site. The study site was a 122 × 400 m landscape located on a shallow subtidal shoal immediately adjacent to Mullet Key, Tampa Bay, Florida (27°45' N, 83°38' W). Both monospecific and mixed stands of seagrass were found covering approximately 50% of the landscape with Halodule wrightii (shoal grass) as the dominant seagrass (~74% of all seagrass). Detailed maps (1 m resolution) of seagrass areal extent were obtained during the spring and fall of 1994 (S94 and F94) and 1995 (S95 and F95) . A full description of the study site and the mapping technique used can be found in Robbins & Bell (2000) .
Two hermit crab species, Pagurus maclaughlinae and P. longicarpus, were commonly found at this site, with P. maclaughlinae numerically dominant (≥ 95% of all hermits collected; Robbins 1998). Shells of 6 gastropod species (Anachis translirata Rav., Cerithium muscarum Say, Modulus modulus Linn., Nassarius vibex Say, Olivella mutica Say, and Prunum apicinum Menke) were regularly used by P. maclaughlinae and were the targets of this study. A detailed description of shell use patterns and life history characteristics of the hermit crabs and gastropods at this study site can be found in Robbins (1998) .
Sampling. On each mapping date, 63 haphazardly selected 1 m 2 areas within monospecific Halodule wrightii patches were georeferenced and sampled by removing a 15.25 cm diameter core taken to a depth of 30 cm into the substratum. Seagrass samples were rinsed in the field to remove sediments and brought to the laboratory within individual Ziploc ® bags. After separating seagrass into above and below-ground components, short-shoot density was enumerated and mean maximum canopy height (±1 mm) was determined by measuring the longest blade from 10 haphazardly selected shoots. These seagrass descriptors were chosen to represent the horizontal and vertical structure of seagrass within the landscape.
Hermit crabs, living gastropods and empty gastropod shells were collected using a 1 m 2 throw trap placed immediately adjacent to the georeferenced seagrass core sites. Throw traps were constructed using a 10 cm tall, 16 g metal flange and a 5 cm diameter PVC float attached to 2 mm mesh, 1 m in height. Sampling was conducted at mid-day during slack low tide by repeatedly passing a dip net (0.5 × 0.5 m with 2 mm mesh) through the trap, taking care to disturb the sediment surface and the seagrass canopy, until no further hermit crabs or gastropod shells were collected. Collected hermit crabs, living gastropods and empty shells were preserved in 70% ethanol, and returned to the laboratory. Samples were then enumerated and shell species and occupant (living, empty or hermit crab by species) were recorded.
Data analysis. Seasonal (S94 to F94, F94 to S95 and S95 to F95) differences in seagrass physical characteristics and the densities of gastropod shell occupants per m 2 (as defined above) were examined using a Kruskal-Wallis ANOVA (Zar 1996) with each sampling site used as a replicate (n = 63 per season). Only Pagurus maclaughlinae and the gastropod shells commonly used (see Tunberg et al. 1994 , Robbins 1998 ) by this hermit crab (and of an appropriate size) were considered for analysis. To isolate seasons in which habitat features and gastropod shell abundances differed, we used a pairwise multiple comparisons technique (Dunn's Method : Howell 1987) . The relationships among abundances of different shell occupants by date were examined using Spearman Rank Correlation (Zar 1996) . No species level analyses were performed.
Because we were interested in the spatial association among hermit crabs, live gastropods and empty shells, we used a residual analysis to examine whether high densities of Pagurus maclaughlinae (represented as densities ≥1 SD above the mean) corresponded to high or low densities (ranging from -1 SD to + 2 SD above the mean) of live gastropods and empty shells. To accomplish this, we assigned each of the 63 sampling locations, based on raw values, to 1 of 5 categories for each of the shell occupants and the seagrass descriptors: mean, ±1 SD or + 2 SD. These data were then interpolated using an inverse distance weighted interpolation technique (Koerper 1993) . For each date, abundance maps based on P. maclaughlinae, live gastropod, empty shell, seagrass shoot density and canopy height categories were generated using GRASS (Geographic Resources Analysis Support System 4.1; maps are available in Robbins 1998). Cross-correlation analysis was used to examine the spatial arrangement of our variables (hermit crabs, gastropods, empty shells and seagrass descriptors) by examining the spatial variation of variable densities and their associated relationships. Because these comparisons were based on interpolated data, no statistical significance can be attached to any observed correlations (Davis 1986 ).
RESULTS
Physical attributes of Halodule wrightii among sites varied seasonally; abundance measured as short-shoot density, was found to be significantly different between spring and fall (p ≤ 0.001) for both 1994 and 1995 (Fig. 1a) . No differences were detected in the abundance of seagrass from the same seasons, however (p ≥ 0.05). Canopy height during F95 was significantly greater than in S94 or S95 (p ≤ 0.001), while all other pairwise comparisons were not significantly different (p ≥ 0.05) (Fig. 1b) .
A significant difference was observed in the number of Pagurus maclaughlinae collected per m 2 over seasons (p = 0.011, Fig. 2 ) although the only significant pairwise difference occurred between the S95 and F95 comparison. A significant difference was also found in the number of gastropods m -2 among seasons (p ≤ 0.001) with significantly more gastropods found during S95 than in all other seasons (p ≤ 0.05, Fig. 2 ). empty shells were collected in F94 and F95. There were significantly fewer shells present during the F94 season than S94 (p ≤ 0.001, Fig. 2 ), but the same seasonal comparison in 1995 proved non-significant (p ≥ 0.05, Fig. 2) . A positive and statistically significant correlation was found between the numbers of Pagurus maclaughlinae and live gastropods for each of the 4 seasons sampled (Table 1) . Dates within 1995 displayed a weaker correlation between hermit crabs and live gastropods than 1994. Although 3 of the 4 seasonal correlations between empty shells and P. maclaughlinae were significant, only 1 (S94) showed a strong correlation (Table 1) .
A pairwise comparison of seagrass descriptors and shell occupants found only a single significant relationship (empty shell versus canopy height during S95; Table 2 ). The nature of all relationships between live gastropods and hermit crabs versus canopy height were most often negative, while for shoot density, they were typically positive. In general, at the scale of our sampling, there was little indication of any consistent relationship between shell occupants and vegetation characteristics.
Cross-correlation analyses conducted to examine the spatial relationship among Pagurus maclaughlinae, gastropods and empty shells revealed that the number of P. maclaughlinae m -2 was strongly correlated with the number m -2 of both live gastropods and empty gastropod shells across all seasons (Table 3 ). The relationships between P. maclaughlinae and empty gastropod shells were typically positive and stronger than those between P. maclaughlinae and live gastropods, except for F94. Overall, the relationship between empty gastropod shells and gastropods was stronger during F94 and F95, when both hermit crab densities and empty shells were at lower densities than those recorded in either S94 or S95 (Table 3) . Information gleaned from the abundance categories provided additional insight into the nature of the associations between hermit crabs and their shell resources. Specifically, high densities of hermit crabs were much less likely to occur within areas where the densities of gastropods and/or empty shells were equal to or lower than their mean value (Table 4) . Comparison of spatial distributions represented by mean densities revealed that, overall, at more than 50% of locations with Pagurus maclaughlinae densities 1 SD above their mean co-occurred with areas where live gastropod densities were greater than their own mean (Total% ≥ 1 SD line; Table 4 ). Comparatively, 75% of P. maclaughlinae aggregations with densities 2 SD above the mean were in areas where live gastropod densities were greater than their own mean (Total% > 1 SD line; Table 4 ). Thus, the majority of locations with highest densities of hermit crabs corresponded to locations with the densest aggregations of live gastropods. The relationship between hermit crab and empty shells was less strong (Table 4) . Notably hermit crabs at densities 2 SD above their mean were never found in areas with gastropod densities 1 SD below their mean and only during S94 were these hermit crab aggregations recorded associated with empty shell aggregations 1 SD below their mean.
DISCUSSION
Seagrass descriptors did not appear to explain the patterns of abundance of hermit crabs or their resources over the duration of our study. Specifically, our results indicate that neither mean short-shoot density nor mean maximum canopy height were strong predictors of abundance patterns of hermit crabs when compared over this scale. There were also no consistent relationships between seagrass and categories of shell occupants detected at the small spatial scale. These responses are aligned with previous findings that the distribution and abundance of many fish and decapod species are not controlled by the physical complexity of the seagrass landscape (e.g. Bell et al. 1988 , Hovel & Lipcius 2002 , nor does the variation in seagrass shoot density within a patch explain large scale variation in the abundance of associated fishes or decapods (Worthington et al. 1992 , Hovel & Lipcius 2002 , see also Attrill et al. 2000) .
Hermit crab abundance displayed associations with shell resources. Overall, the correlative information and the data gathered from examining spatial patterns of abundance indicated a positive and significant relationship between hermit crabs and live shells that persisted over time. The relationship between hermit 225 Strong coincident spatial patterns existed between hermit crabs and live gastropods. In each season sampled, aggregations of hermit crabs with densities greater than the overall mean were closely associated with the highest live gastropod densities. This suggests that Pagurus maclaughlinae responds to the presence of gastropods as the ultimate provider of its shell resource (hermit crabs may also be tracking gastropods as a potential food source). The association between aggregations of hermit crabs and gastropods may be evolutionarily beneficial if the rate of decline in shell integrity upon the death of the gastropod inhabitant is rapid (LaBarbera & Merz 1992) . At least some aggregations of P. maclaughlinae also occurred where few or no empty shells were found. Interestingly, the mean number of hermit crabs and empty shells summed over all dates at the site closely matches that of live gastropods, suggesting that there may not be an abundant supply of potentially available resources for the hermit crab population. Restated, shell limitation may occur both before and after a shell becomes available for occupation by a hermit crab. Thus, we suggest that the relationships between this hermit crab and its resources are much more complex than can be deciphered from exclusive documentation of the availability of empty gastropod shells alone.
As was true for Pagurus maclaughlinae and its suite of gastropod shell resources, empty gastropod shells have been viewed as a rare commodity in hermit crab studies (e.g. Gherardi & Vannini 1993) . Thus, it may be beneficial for hermit crabs to actively aggregate not only at gastropod 'death sites' (sensu Gilchrist 1984) , but also in areas of elevated live gastropod abundance even if those shells are not immediately available. This hypothesis is supported by the observation that hermit crabs collected from gastropod predation sites often have heavily fouled and/or damaged shells (Hazlett & Herrnkind 1980 , Gilchrist 1984 , Gilchrist & Abele 1984 , Rittschof 1980a ,b, Rittschof et al. 1992 , Katz & Rittschof 1993 . Moreover, this suggests that hermit crabs with undesirable shells may respond more rapidly to death sites in an effort to increase their opportunity to obtain a desirable shell.
Diogenidae and Paguridae hermit crab aggregations have been previously reported (Snyder-Conn 1980 , Gherardi & Vannini 1989 but without the suggestion that these aggregations are in response to resources or resource providers, although hermit crab aggregations in response to chemical cues do occur (Gilchrist 1984) . Thus, an alternative explanation for the observed distribution patterns in our study may be that Pagurus maclaughlinae formed clusters in responses to tidal flux and/or social behavior (sensu Gherardi & Vannini 1992 in a similar manner to those formed by live gastropods in response to microhabitat differences (sensu Crowe 1996) . Additionally, the clustering of hermit crabs has been postulated as advantageous in exploiting a food source (Kiester & Slatkin 1974 , Scully 1979 , Gherardi 1990 ). Although not studied here, food availability (sensu Raimondi & Lively 1986 ) may play a role in the distribution pattern displayed by P. maclaughlinae in Tampa Bay, especially if gastropods negatively influence the distribution of the epiphytic/epibenthic food sources through grazing activities. However, this influence was likely not important in the seagrass system studied here because of the opportunistic feeding behavior displayed by P. maclaughlinae (Robbins 1998) .
Our results argue strongly for the inclusion of live gastropods as a measure, albeit temporally asynchronous, of resource availability for Pagurus maclaughlinae. Although in this study we found that hermit crabs and live gastropods were positively correlated, evidence in the literature also suggests that this relationship could be negative for other species. For example, the intertidal gastropod Nerita funiculata, a major provider of shells, had a negative effect on the distribution of the hermit crab Clibanarius digueti (Raimondi & Lively 1986 ). Specifically, the experimental addition of N. funiculata resulted in a decrease in the density of C. digueti, which was interpreted as a response to a depressed common food source (Raimondi & Lively 1986 ). Thus gastropods may play a role in the distribution of hermit crabs either through competitive interactions or as suppliers of an essential resource. Such dual roles of live gastropods, if common, would make it more difficult to discern resource patterns and elucidate their influence on patterns exhibited by the resource user.
In conclusion, we found that the link between the seagrass habitat's physical characteristics and Pagurus maclaughlinae and its shell resources was not strong. The association between P. maclaughlinae and its shell resources (both empty shells and live gastropods) was persistent and stronger than that to their common habitat, the seagrass Halodule wrightii. Aggregations of hermit crabs corresponded to areas of high live gastropod density across the landscape. Documentation of the dynamics of gastropod shell provision and their removal from the system over a landscape scale in future studies would aid in determining the patterns of hermit crab distributions compared to their shell resources.
